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ABSTRACT 

Recent studies identified a poor-prognosis stem/serrated/mesenchymal (SSM) transcriptional subtype of colorectal 
cancer (CRC). We noted that genes upregulated in this subtype are also prominently expressed by stromal cells, 
suggesting that SSM transcripts could derive from stromal rather than epithelial cancer cells. To test this hypothesis, we 
analyzed CRC expression data from patient-derived xenografts, where mouse stroma supports human cancer cells. 
Species-specific expression analysis showed that the mRNA levels of SSM genes were mostly due to stromal 
expression. Transcriptional signatures built to specifically report the abundance of cancer-associated fibroblasts (CAFs), 
leukocytes or endothelial cells all had significantly higher expression in human CRC samples of the SSM subtype. High 
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expression of the CAF signature was associated with poor prognosis in untreated CRC, and joint high expression of the 
stromal signatures predicted resistance to radiotherapy in rectal cancer. These data show that the distinctive 
transcriptional and clinical features of the SSM subtype can be ascribed to its particularly abundant stromal component. 

 

INTRODUCTION 

CRC is a heterogeneous disease, with variable molecular pathogenesis, natural history and response to treatments1, 2. 
The definition of patient subgroups with distinct molecular and clinical features is needed for effective disease 
management. Recently, three research groups concurrently published independent works proposing new CRC 
classification systems based on gene expression, named the Colon Cancer Subtype (CCS) system, the Colorectal 
Cancer Assigner (CRCA) and the Colon Cancer Molecular Subtype (CCMS) system3, 4, 5, 6. In all three cases, the authors 
identified one subtype that was associated with a low degree of differentiation, epithelial-to-mesenchymal transition 
(EMT) and poor prognosis: in the CRCA system, subtype 5 was dubbed ‘stem-like’; in the CCS classifier, subtype 3 was 
associated with a serrated adenoma7 origin; and, in the CCMS system, subtype 4 was associated with EMT. These data 
have univocally been interpreted as signs of a phenotypic switch whereby cancer cells of epithelial origin acquire 
mesenchymal traits that typically associate with stem cell–like features. However, the carcinoma transcriptome is 
composed of signals originating not only from cancer cells but also from the tumor microenvironment, composed of 
stromal cells that intrinsically display mesenchymal characteristics. Indeed, earlier works have described stromal 
‘signatures’ in different tumor types, with possible clinical relevance8, 9. It is thus conceivable that gene expression traits 
for noncancerous components might influence the assignment of specific CRC transcriptional subtypes. More 
importantly, it has not been assessed whether and to what extent stromal signals contribute to assigning each tumor to a 
specific transcriptional group. 

To tackle this issue, we designed an analytical procedure aimed at (i) assessing how tumor purity affects CRC 
transcriptional subtyping; (ii) discriminating stromal from cancer cell gene expression; and (iii) assigning the previously 
defined CRC subtype signature genes to a stromal or epithelial origin. The analysis employed data sets from primary 
CRCs, sorted CRC subpopulations, rectal cancer samples before and after treatment, and patient-derived xenografts 
(PDXs)10. Of note, in PDXs, human stromal cells are substituted by mouse cells11, 12, such that gene expression by 
cancer and stromal cells can be distinguished by species of origin for the transcripts. 

 

RESULTS 

Molecular subtyping of CRC identifies three consensus subgroups 

To explore how different classifiers divided CRCs into subtypes, we assembled a 450-sample, RNA sequencing (RNA-
seq)-based mRNA expression data set from The Cancer Genome Atlas (TCGA)13. Each sample was then assigned to 
intrinsic subtypes according to the CRCA (subtypes 1 to 5), CCS (subtypes 1 to 3) and CCMS (subtypes 1 to 6) 
classifiers3, 4, 5 using Nearest-Template Prediction (NTP), a ‘nearest-neighbor’ class prediction algorithm that also 
estimates the significance of class assignment14. Significant subtype assignment was obtained for more than 85% of the 
samples with each classifier (Supplementary Table 1). Interestingly, for 369 samples, all 3 classifiers were significant; we 
used Caleydo15 to jointly visualize the classifications of these samples and observed highly concordant assignment to 
related subtypes (Fig. 1a). Two of the three CCS subtypes were each split between two groups in the CRCA system and 
assigned to corresponding CCMS subtypes. Similarly, the CRCA4 ‘transit-amplifying’ (TA) subtype was split into CCMS1 
and CCMS5. The subtype overlaps, previously reported only for the CCS and CRCA classifiers6, were found to be highly 
statistically significant in all cases (Online Methods andSupplementary Table 2). Moreover, significant gene overlap was 
also observed between the three signatures, which was particularly evident for the CRCA5 ‘stem-like’, CCS3 ‘serrated’ 
and CCMS4 ‘EMT’ subtypes (Supplementary Table 3). Notably, for these highly related subtypes, no merge or split was 
observed across the three classification systems. 
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Figure 1: The CRC SSM subgroup is consistently recognized by different classifiers and is associated with high stromal 
content. 

 
(a) Caleydo view of correspondences between the subtype assignments of 369 TCGA CRC samples by the CCS, CRCA and CCMS 
classification systems. Edges connecting the subtypes across the different classifiers are colored to highlight overlapping subtypes. 
Fisher test P values and odds ratios (ORs) of classification overlaps are reported within each edge. The boxes on the right represent 
a reconciliation of the CRC subtypes defined by the three classifiers into common, larger subgroups. Samples were assigned to a 
consensus subgroup if at least two of the three classifiers significantly assigned them to a subtype part of the subgroup. INFL, 
inflammatory; GOB, goblet-like; ENT, enterocyte; STEM, stem-like. (b) Tukey box plots reporting, for each subgroup, tumor purity 
estimated by Absolute analysis on TCGA CRC samples. The central line is the median, the box defines the 25th and 75th 
percentiles, and the whiskers indicate the data within 1.5 times the interquartile range. (c) Transcriptional classification of paired 
rectal cancer samples before and after radiotherapy, showing a systematic switch to SSM subtypes after treatment. Asterisks 
highlight two cases that underwent pathological complete response, whose post-treatment samples contained only stromal cells. (d) 
GSEA testing for upregulation of the SSM gene set in stromal cell subpopulations (CAFs, FAP+; endothelial cells, CD31+; leukocytes, 
CD45+) versus epithelial cells (EpCAM+). NES, normalized enrichment score. 

 

 



On the basis of these results, we could reconcile the subtypes defined by the three classification systems into three 
major subgroups: TA/enterocyte, goblet/inflammatory and stem/serrated/mesenchymal (SSM) (Fig. 1b). Samples that 
were assigned to subtypes belonging to the same subgroup by at least two classifiers were assigned to that subgroup in 
subsequent analyses. Because the SSM subgroup was the most homogeneous, we collectively considered the SSM 
signature to be the union of the 3 gene expression signatures for the corresponding subtypes (48 CCS3 genes, 185 
CRCA5 genes and 288 CCMS4 genes, merged into a 389-gene signature). 

 

The SSM subgroup is associated with high stromal content 

The molecular attributes of ‘stemness’ and EMT, which typified the SSM subgroup, converge on mesenchymal traits that 
can be ascribed either to the phenotypic conversion of cancer cells during tumor progression or to inherent 
characteristics of stromal cells. 

We observed that the three SSM gene signatures contained many shared genes known to be expressed by supportive 
stromal cells, such as genes of the serpin family, collagens, FAP—a well know activator of CAFs specifically expressed 
by stroma16, 17—and MGP (expressed by mesenchymal cells and associated with bone remodeling)18. Two studies 
employed ZEB1 as a protein marker of the SSM subtype19, whose corresponding gene was originally cloned in 
mesenchymal cells and which shows high expression in mesoderm-derived cells20, 21. All this evidence poses the 
question of whether expression of SSM genes, when detected in a CRC sample, is of stromal or epithelial origin. 

To analytically explore this issue, we first determined whether subgroup assignment was influenced by the extent of 
stromal content in each sample. To this end, we employed an estimate of tumor purity based on genomic allelic 
frequencies determined for TCGA samples9 using the Absolute algorithm22. This information was available for 158 of our 
subgroup-assigned samples (Supplementary Table 4). The average tumor purity of SSM samples (54%) was 
significantly lower than that of non-SSM samples (68%; P < 0.001) (Fig. 1b). 

To validate these findings in a paired analysis setting, we took advantage of a gene expression data set of 72 rectal 
cancer samples generated in the laboratory (Gene Expression Omnibus (GEO), GSE56699), which comprised 11 cases 
of tissue biopsies taken before the start of preoperative radiotherapy and matched post-treatment surgical specimens. 
The aim of this analysis was to determine whether and how substitution of cancer cells by fibrous tissue—a typical 
reparative reaction triggered by radiotherapy—affected subtype assignment. All classifiers successfully assigned most of 
the samples of the data set, including the 11 matched sequential pairs, to subtypes (Supplementary Table 5). We 
observed that, whereas the pretreatment biopsies were assigned preferentially to the TA/enterocyte subgroup, most of 
the corresponding post-treatment specimens were assigned to the SSM subgroup. Notably, in two of these cases, in 
which the patients underwent complete response, the post-treatment surgical samples were histologically described as 
‘transmural scars’ (Fig. 1c and Supplementary Fig. 1), confirming the expression of SSM signature genes by stromal 
cells. 

To assess which stromal cells expressed SSM genes, we analyzed a gene expression data set (GEO, GSE39397) 
obtained in cells sorted from fresh CRC samples on the basis of specific surface markers: EPCAM for epithelial tumor 
cells, CD45 for leukocytes, CD31 for endothelial cells and FAP for CAFs23. We used Gene Set Enrichment Analysis 
(GSEA)24 to test subtype gene signatures for expression in stromal cell subpopulations versus cancer cells. SSM genes 
were strongly upregulated in CAFs but also in leukocytes and endothelial cells (Fig. 1d). Results obtained with individual 
signatures from the three classifiers confirmed upregulation of SSM genes in CAFs and evidenced additional 
upregulation of inflammatory (CRCA1) genes in leukocytes, consistent with their immune function (Supplementary Fig. 
2). Collectively, these findings demonstrate that most SSM genes are more highly expressed by CAFs and other stromal 
cells than by cancer cells. 
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In CRC PDXs, transcripts of SSM genes originate from mouse stromal cells 

To more quantitatively investigate the extent of stromal contribution to the CRC transcriptome, we analyzed gene 
expression profiles from CRC PDXs, for which the transcriptome is a mixture of human RNAs (deriving from cancer 
cells) and mouse RNAs (deriving from stromal cells). Expression profiling of PDX samples with human microarrays is 
therefore not expected to detect transcripts of stromal origin, unless array probes cross-hybridize with mouse transcripts. 
Indeed, by optimizing this approach for Affymetrix expression data, through the identification and removal of probes that 
would hybridize to both species, in a data set of 27 pairs of human CRCs and matched PDXs 
(GEO, GSE35144)25 (Supplementary Fig. 3), we identified 848 genes whose expression was lost after tumor 
transplantation in mice (Fig. 2a and Supplementary Table 6). Analysis of the 848 genes depleted in PDXs using the 
tissue expression module of the DAVID EASE portal26showed a strong enrichment for genes expressed in connective, 
spleen and adipose tissues (Supplementary Table 7). We then evaluated how many of the SSM genes lost or 
maintained their expression in PDXs and found that, of the 270 SSM genes expressed in this data set, expression was 
lost for 199 in PDXs (Fig. 2a). Detailed analysis of the lost/maintained fraction for all subtype genes for all classifiers 
identified additional losses in expression for inflammatory genes from CRCA (72/130; Fig. 2b), consistent with their 
putative expression in leukocytes. Depletion of human stromal mRNAs in PDXs detectably affected their transcriptional 
classification: none of the human CRC samples assigned to the SSM subgroup (15) maintained this assignment in the 
corresponding PDX and were instead significantly reclassified in the TA/enterocyte or goblet/inflammatory subgroup (Fig. 
2c and Supplementary Table 8). We obtained similar results for a data set of matched primary CRC and PDX samples 
profiled for gene expression with a different microarray platform, Illumina HumanHT12-V4 (GEO, GSE56695; Fig. 
2d,e, Supplementary Fig. 4and Supplementary Tables 9 and 10). 

 

Figure 2: Systematic loss of SSM gene expression upon propagation of CRC tissues in PDXs. 

 
(a) Scatter plot comparing, for each gene tested on human arrays, average expression in 27 human CRC samples (x axis) with 
average expression in the corresponding PDX derivatives (y axis). Blue dots indicate genes of the SSM subgroup. (b) Bar plots 
representing, for each subtype signature of the three classifiers, the percentage of genes expressed in PDXs and the percentage of 
genes for which expression was lost upon PDX propagation, as measured by human arrays. (c) Caleydo visualization of the 
assignment to CRC subgroups of human CRC samples (left) and of their corresponding PDX samples (right), for a total of 22 sample 
pairs. (d,e) Scatter plots comparing, for each gene tested on human arrays, average expression in one human primary CRC sample 
(x axis) with that in the corresponding PDX derivative (y axis). Blue dots indicate genes of the SSM subgroup. The primary CRC 
sample in d was classified as SSM; the sample in e was assigned to the TA/enterocyte subgroup and shows fewer highly expressed 
SSM genes on the x axis. (a–c) Affymetrix GSE35144 data set processed with the H-spec CDF (content descriptor file). (d,e) 
Illumina GSE56695 data set. 
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To determine whether the human stromal transcripts lost in PDXs were replaced by mouse stromal transcripts, we 
analyzed RNA-seq data on nine PDX samples obtained from three CRCs, profiled at high coverage11. RNA-seq allows 
the quantification of parallel transcripts of human and mouse origin in the same PDX sample, generating species-specific 
profiles11, 27, 28. Indeed, most of the genes previously identified as losing expression in PDXs were barely detected as 
human reads but had higher than average expression as mouse reads (Fig. 3a), confirming their stromal expression also 
in PDXs. We obtained similar results when analyzing genes of the SSM signature (Fig. 3b), confirming that most SSM 
genes are not expressed by cancer cells but are highly represented in stromal cells; conversely, genes of the 
TA/enterocyte and goblet/inflammatory subgroups were mostly expressed by epithelial cells (Fig. 3c,d). In accordance 
with their potential enrichment for leukocytes, the inflammatory subtypes also displayed higher mouse expression for a 
substantial number of genes, whereas expression of the remaining non-SSM signatures was mostly associated with an 
epithelial origin (Supplementary Fig. 5). To compute a transcript-by-transcript assessment of epithelial versus stromal 
contribution to gene expression, we used absolute read counts to calculate the relative numbers of human and mouse 
reads mapping to each ortholog (Supplementary Table 11). By assuming that the fraction of mouse reads divided by the 
total number of reads adequately represented the stromal contribution to the expression of a gene, we estimated that 
stromal (mouse) transcripts were more abundant than epithelial (human) transcripts for the vast majority of the SSM 
signature genes (Fig. 3e), despite a calculated global stromal fraction in the samples of less than 5%. Additional subtype 
signatures with relevant although lower stromal contribution included those for the inflammatory and enterocyte 
subtypes. GSEA confirmed significant enrichment of genes with stromal (mouse) expression among SSM genes, 
including the fraction that was not designated as losing expression upon PDX propagation in the microarray 
experiments; other subtype signatures were enriched in genes with epithelial expression (Supplementary Table 11b). For 
each gene of the CCS, CRCA and CCMS classifiers, all the above-described annotations are provided in Supplementary 
Table 11c–e. 
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Figure 3: Species-specific analysis of RNA-seq data from PDX samples to distinguish stromal from cancer cell gene 
expression.  

 

(a–d) Scatter plots comparing, for each gene ortholog pair, human (x axis) and mouse (y axis) RPM (reads per million) values from 
PDX RNA-seq data. Values are the averages for the PDXs from three patients. Genes defined as losing expression upon PDX 
propagation by human microarray analysis are highlighted in a (purple), and SSM genes are highlighted in b (blue). 
Goblet/inflammatory genes (yellow) and TA/enterocyte genes (pink) are highlighted, respectively, in c and d. (e) Plots of CRC 
signature gene lists ranked by the extent of gene expression contributed by the stroma: the x axis reports the gene list percentile, 
and the y axis reports the stromal contribution to gene expression, calculated for each gene as the percentage of mouse reads 
divided by the total number of reads (mouse and human), based on PDX RNA-seq data. 

 

To assess whether SSM samples were also endowed with the transcriptional traits of the TA/enterocyte or 
goblet/inflammatory subgroup, we applied NTP classification to TCGA samples after removing the SSM subgroup 
signature from the CCS, CRCA or CCMS classifier. Indeed, 49 of the 83 SSM samples could be significantly assigned to 
either the goblet/inflammatory or TA/enterocyte subgroup when the SSM centroid was absent. 



We then systematically evaluated stromal contribution to the expression of additional published CRC gene signatures 
(Supplementary Fig. 6)29, 30, 31, 32, 33, 34. In about half of these cases, one of the gene lists displayed strong stromal 
contribution to expression for a large fraction of the genes, with the highest contribution being observed for an EMT 
signature35. 

 

Proteins encoded by SSM genes are detected in stromal CRC cells 

A major drawback of molecular profiling based on tissue lysis is that detailed morphological information is lost. It is 
therefore virtually impossible to verify whether, in SSM samples, cancer cells do in fact express SSM genes, even at low 
levels. To overcome this limitation, we exploited available immunohistochemistry data systematically generated by the 
Human Protein Atlas Consortium36. Staining results of CRC samples with validated antibodies were available for 64 SSM 
genes and 98 non-SSM genes. Through examination of the immunohistochemistry data, we found that half of the 98 
non-SSM genes had detectable protein expression in more than 90% of the samples, whereas fewer than 25% of the 
SSM genes had protein expression reaching this detection frequency (Fig. 4a). Visual inspection of the 
immunohistochemistry data for some of the SSM genes with negative results confirmed the absence of signal in cancer 
cells and highlighted robust expression by stromal cells (Supplementary Note). To confirm these results, we selected 
three SSM genes for independent immunohistochemistry analyses: ZEB1, which was previously employed as an 
immunohistochemistry marker of the CCS3 and CRCA5 subtypes3, 4; MAP1B, which scored among the top genes 
associated with all three SSM signatures; and TAGLN, which was present in two of the three SSM signatures (CRCA5 
and CCMS4). We analyzed the encoded markers by staining sections from (i) one CRC sample classified as SSM and 
its PDX derivative, classified as TA/enterocyte (Fig. 4b); (ii) two rectal cancer samples that switched from the 
TA/enterocyte group to the SSM group after radiotherapy (Fig. 4b); and (iii) four rectal cancer preoperative biopsies 
classified as SSM (Supplementary Fig. 7a). Indeed, in all cases, the tested markers stained only stromal cells, with the 
exception of ZEB1, which also showed positive staining in cancer cells. However, ZEB1 was weakly expressed and 
atypically confined to the cytoplasm in cancer cells, whereas it exhibited strong, canonical positivity in the nuclei of 
stromal cells. Moreover, RNA in situ hybridization of an SSM case with cytoplasmic staining of epithelial cells showed 
strong ZEB1 mRNA expression in stromal cells rather than epithelial cells (Supplementary Fig. 7b). All these findings, 
together with the observation that ZEB1 cytoplasmic signal was also detected in cancer cells from TA/enterocyte 
samples, call into question the specificity of such staining. These results show that, even in samples robustly assigned to 
the SSM subgroup by transcriptional profiling, cancer cells do not express SSM marker genes. 
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Figure 4: Proteins encoded by SSM genes are detected in stromal rather than epithelial CRC cells. 

 
(a) Bar graph reporting the fraction of signature genes detected as being expressed in CRC epithelial cells by immunohistochemistry, 
according to the Human Protein Atlas database. (b) Micrographs of immunohistochemistry staining for ZEB1, MAP1B and TAGLN in 
CRC samples. The transcriptional classification of each sample is reported on the right. In all micrographs, specific staining of all 
antibodies is confined to the stromal components: ZEB1 is localized to the nuclei of fibroblasts, leukocytes and other mesenchymal 
cells; MAP1B preferentially stains endothelial cells and nerve structures; and TAGLN is mainly expressed by smooth muscle cells. 
RT, radiotherapy. Scale bars, 20 μm. 

 

Very recently, CRC classification has also been achieved by global proteomic profiling, which led to the identification of 
five distinct subtypes, from A to E37. We noticed that the only consistent overlap with RNA-based subtypes was between 
proteomic subtype C and transcriptional subtypes of the SSM group and that the transcriptional SSM signature was 
significantly enriched for genes corresponding to proteins upregulated in subtype C (Supplementary Table 12). We 
therefore reasoned that proteins upregulated in subtype C could originate from stromal rather than neoplastic cells and 
applied all the above analyses to assess the stromal origin of such proteins. This appraisal found that (i) TCGA samples 
assigned to proteomic subtype C had lower tumor purity; (ii) a large fraction of subtype C signature proteins were 
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encoded by genes expressed, at the RNA level, only by stromal (mouse) cells in PDX models; and (iii) the major source 
of transcripts coding for subtype C proteins was CAFs (Supplementary Fig. 8). 

 

Prognostic and predictive value of CRC stromal transcripts 

The SSM subgroup is endowed with distinctive clinical features, namely, a high relapse rate and increased sensitivity to 
chemotherapy4. These features could indeed be a consequence of the abundant stromal components of these samples. 
To accurately trace the stromal sources of tumor transcripts, we first designated a set of 4,434 genes not expressed by 
CRC neoplastic cells by combining our data for all the above-described mRNA-based analyses (array and RNA-seq) in 
tumors and PDXs (Supplementary Table 13). Then, by intersecting this gene set with the transcriptional profiles of sorted 
CRC cell populations23, we defined 3 signatures, composed of 131, 47 and 35 genes, specifically expressed by CAFs, 
leukocytes and endothelial cells, respectively (Supplementary Fig. 9a and Supplementary Table 14). Averaging the 
expression of genes in each signature yielded three stromal scores (CAF, leukocyte and endothelial), which could be 
easily calculated to quantify stromal cell populations and assess their clinical correlations. Relationships between the 
three scores were assessed in the TCGA data set and found to be highly correlated but not completely overlapping 
(Supplementary Fig. 9b). Considering that the SSM subgroup generally included 20–25% of the samples, we classified 
the data set on the basis of the 25th to 75th percentile of each score and verified that the fraction of samples displaying 
concordantly high or low scores was, respectively, 51 and 53 samples, about half of the quartile size for each score (112 
samples; Supplementary Fig. 9c). To explore relationships between the stromal scores and tissue sample morphology, 
we took advantage of the TCGA Digital Slide Archive38 and observed strong concordance between each score and the 
respective stromal population (Supplementary Note). As expected, CAF score was extremely high in TCGA samples of 
the SSM subgroup (P < 1 × 10−83), together with the leukocyte and endothelial scores (P < 1 × 10−11 and P < 1 × 10−37, 
respectively). Leukocyte score was also higher in inflammatory subtype samples (P < 1 × 10−4). 

In the TCGA CRC data set, the three stromal scores were not associated with tumor stage, size or lymph node status. 
On the contrary, leukocyte score was strongly associated with microsatellite instability (MSI-H; t test, P < 1 × 10−6), the 
CpG island methylator phenotype (CIMP: P < 1 × 10−4) and BRAF mutation (P < 1 × 10−3). To evaluate correlations 
between stromal scores and post-surgery disease-free survival, we analyzed a CRC expression data set 
(GEO, GSE14333) annotated with long-term disease outcome33. Tumors with a high CAF score (>75th percentile) had 
significantly shorter disease-free survival times (Fig. 5a). Moreover, by stratifying patients on the basis of treatment 
history, we observed that the prognostic power of the CAF score was selectively confined to the patient subpopulation 
that did not receive adjuvant therapy after surgery. In this setting, CAF score was found to be an even stronger indicator 
of negative prognosis (Fig. 5b), independent of tumor stage (Cox regression analysis; CAF score: hazards ratio (HR) = 
2.913,P < 0.013; Duke's stage C: HR = 7.3, P < 1 × 10−5). No independence was found between CAF score and SSM 
subgroup assignment, reinforcing the notion that the SSM subgroup is largely recapitulated by stromal score. Notably, 
no correlation between CAF score and disease-free survival was observed in treated patients (Fig. 5c), suggesting that 
high CAF score is also associated with better response to treatment, at least for the first 1–2 years. 

 

Figure 5: Clinical impact of stromal gene signatures. 
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(a–c) Kaplan-Meier analysis of disease-free survival on a data set of 226 CRC samples classified as having high (top quartile) or low 
(first to third quartile) CAF score. (a) Analysis of all samples. (b) Analysis of only the 138 samples with no adjuvant therapy. (c) 
Analysis of the 66 samples that only underwent adjuvant chemotherapy after surgery. (d) Dot plot reporting, on the x axis, the 
compound stromal score for 52 rectal cancer biopsies. On the y axis, samples are subdivided by their response to radiotherapy. 

 

To assess whether any of the stromal scores were associated with rectal cancer response to radiotherapy, we analyzed 
the 72-sample rectal cancer cohort described above (GEO, GSE56699;Supplementary Table 15) by comparing the 
stromal scores measured in pretreatment samples with the radiotherapy response as evaluated by the Mandard scoring 
system39: cases with Mandard 1–2 were considered sensitive, those with Mandard 4–5 were classified as resistant and 
those with Mandard 3 were categorized as intermediate. For each score, first-quartile samples were described as having 
a low score and fourth-quartile samples were described as having a high score. Interestingly, the three stromal scores 
were not concomitantly high or low in the same samples; yet, for each of them, low values were associated with 
increased sensitivity to radiotherapy and high values were associated with increased resistance (Supplementary Table 
16). Moreover, a ‘compound stromal score’ defined as the median of the three percentiles was found to significantly 
discriminate sensitive samples from resistant ones (Fig. 5d andSupplementary Table 16). These results show that the 
response of rectal cancer to radiotherapy is negatively influenced by all three major components of the tumor stroma 
(CAFs, leukocytes and endothelial cells). To test whether SSM rectal cancer samples collected before and after 
treatment had different stromal content, we compared rectal cancer SSM pretreatment biopsies with SSM surgical 
samples and evaluated by GSEA a possible asymmetry in the distribution of the three stromal scores. Interestingly, the 
endothelial score was significantly lower in treated samples, suggesting that reduction in the endothelial component after 
treatment is representative of inert, reparative mesenchymal tissue as opposed to active stroma supporting cell growth in 
naive samples (Supplementary Fig. 10). 

 

DISCUSSION 

Analyses presented in this work provide four strong, concordant lines of evidence that genes whose expression is 
positively associated with the SSM subgroup of CRC are mostly expressed by stromal cells. First, SSM samples have a 
significantly higher stromal content, as found in TCGA samples annotated for tumor purity and in rectal cancer samples 
that have undergone radiotherapy-mediated substitution of cancer cells with reparative stroma. Second, analysis of the 
expression profiles of sorted CRC cell subpopulations showed that SSM genes are expressed by CAFs, leukocytes and 
endothelial cells rather than by epithelial neoplastic cells. Third, in PDXs, where human stroma is substituted by mouse 
stroma, most SSM genes are well detected in the mouse rather than the human fraction of the transcriptome. Fourth, 
immunohistochemistry data meta-analysis, coupled with experimental staining of SSM samples, shows that the proteins 
encoded by top-scoring SSM genes are expressed by stromal and not epithelial cells. 

The discrete subgroup of SSM-like CRC samples—characterized by transcriptional traits dominated by their stromal 
component—was initially evidenced in the TCGA CRC data set and then confirmed in multiple independent cohorts 
(GSE56699, GSE35144, GSE56695 andGSE14333, GEO). Moreover, the data were generated using diverse gene 
expression platforms (Affymetrix and Illumina gene expression arrays and RNA-seq) and even completely independent 
technological approaches, such as immunohistochemistry and proteomics. It is therefore unlikely that the presence of 
this subgroup is related to batch effects consequent to the inaccurate selection of sampling areas. Indeed, a CRC 
transcriptional subtype dubbed EMT/stroma has been associated with desmoplastic histological traits, indicating that 
abundant stroma can be considered a distinctive feature of some CRCs40. From a complementary viewpoint, PDX-
derived RNA-seq data indicate that even a very low fraction of stromal content can substantially influence the 
transcriptional profile of SSM genes (owing to their weak expression in cancer cells); therefore, further accuracy in 
sampling techniques is expected not to provide substantially better resolution. 
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Our finding that the SSM subgroup signature mainly includes transcripts of stromal origin may seem disruptive because 
it challenges the notion that EMT and stemness contribute to CRC. Indeed, our results do not exclude such 
transcriptional traits in cancer cells, which have also been observed in CRC cell lines cultured in vitro (and, therefore, in 
the absence of stromal cells)3, 4, 5,41. Accordingly, when we applied PDX-based analysis of the stromal transcript fraction 
to two intestinal stem cell (ISC) signatures obtained in sorted EPHB2+ and LRG5+ intestinal cells42, we found that about 
one-quarter of the genes had expression of a predominantly stromal nature (Supplementary Fig. 6). It is likely that these 
genes typify the (still elusive) mesenchymal subphenotype of epithelial ISCs, which superimposes with the bulk of 
inherent mesenchymal traits expressed by stromal cells. However, consistent with the notion that ISCs may dynamically 
acquire some mesenchymal characteristics but substantially retain an epithelial memory43, the majority of the remaining 
genes in both ISC signatures displayed negligible stromal contribution. This confirms that ‘stroma-aware’ approaches to 
the definition of CRC stemness signatures are feasible. 

We describe here that a CAF-specific stromal signature recapitulates the clinical attributes of the SSM subgroup, that is, 
higher intrinsic aggressiveness and better response to chemotherapy. We also provide new evidence that CAF, 
endothelial and leukocyte scores jointly predict the response of rectal cancer to radiotherapy. Different from tumor purity 
measures based on microscopic inspection or DNA analysis, transcriptional stromal scores do not simply reflect the 
fraction of stromal cells in the tumor but also provide information on their composition and functional state. This may 
explain why the ‘static’ evaluation of stroma abundance by pathological or DNA-based criteria failed to highlight clinically 
relevant correlates. Congruent with the established notion that interactions between cancer cells and the 
microenvironment may affect tumor biology, disease outcome and response to treatment44, 45, 46, 47, 48, 49, clinically relevant 
stromal gene expression signatures have been reported for various cancer types, including CRC8, 9. In particular, a 
transcriptional score named ‘Estimate’, aimed at quantifying the stromal components of epithelial tumors, was recently 
defined by analyzing the expression profiles of microdissected ovarian, breast and colon cancer samples9. At odds with 
the stromal signatures described here, genes used for calculating the Estimate score (and also other stromal signatures) 
were not checked for lack of expression in CRC cancer cells, which could potentially affect the accuracy of the analysis. 
Indeed, albeit significant, the prognostic value of the Estimate score in the GSE14333 data set was lower than that of the 
CAF score (Supplementary Fig. 11). Collectively, these results reinterpret the EMT and stemness traits typically ascribed 
to epithelial cancer cells as prevalent stromal contributions and provide new stromal scores that may prove helpful in 
advancing CRC prognosis and response prediction. 

 

METHODS 

Assembly of the TCGA data set. 

Level 3 TCGA RNA-seq data for both colon (337) and rectum (113) adenocarcinomas were downloaded from the TCGA 
Data Portal (April 2013 release; see URLs). RNA profiles generated by both the Genome Analyzer (GA) and HiSeq 
Illumina platforms were acquired. We independently assembled GA and HiSeq RNA-seq expression estimation by 
expectation-maximization (RSEM) expression matrices, thresholding extremely low RSEM values to one and 
log2 transforming all data. To aggregate the GA and HiSeq matrices, we took advantage of 19 samples analyzed on both 
platforms to perform gene-level scaling. We applied the scaling only for transcripts matching 2 criteria: (i) RSEM above 5 
in at least 50 samples (threshold chosen by analyzing the distribution of the RSEM values of all genes) and (ii) 
Spearman correlation above 0.7 in the 18 common samples; 20,531 unique genes met these criteria. For each gene, the 
scale factor for scaling GA data toward HiSeq data was defined as follows: 

 

where 

 

is the average expression in the HiSeq data set for gene i and 
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is the average expression in the GA data set for gene i. The scale factor was summed to the GA RSEM values to merge 
this data set with the HiSeq data set. The 450-sample data set was finally filtered to remove genes with extremely low 
variability in expression (below the 10th percentile of the s.d. of all genes)13. The final 450-sample mRNA data set is 
available in the Bioconductor experiment data package TCGAcrcmRNA at Bioconductor (see URLs). 

 

NTP implementation and signature adaptation. 

NTP-based classification14 was performed using scripts from the GenePattern Bioportal50 (seeURLs). The threshold 
chosen for significant classification of a sample was Benjamini-Hochberg–corrected false discovery rate (FDR) <0.2, as 
previously reported4. 

Lists of CRCA, CCS and CCMS signature genes were obtained from the supplementary tables published by the 
respective authors3, 4, 5. These lists were further adapted to NTP analysis as follows. The CRCA and CCS signatures 
both included, for each gene, a prediction analysis of microarrays (PAM) score, reflecting positive or negative correlation 
between gene expression and each class51. From these signatures, we selected only genes positively associated with 
each class; when a gene had a positive PAM score for more than one class, it was assigned to the class with the highest 
PAM score only if the difference between the highest and second highest PAM values was greater than 0.1. In the case 
of the CCMS signature, we started from the 1,108-gene list provided in supplementary table S10 of ref. 5, which 
reported, for every gene, fold-change (log2ratio) values and corresponding P values for expression in samples of each 
class versus the remaining samples; selected genes were univocally assigned to one class by two criteria: (i) the positive 
log2 ratio in the class was the highest and greater by at least 0.2 than the second highest ratio and (ii) the 
adjusted P value in the same class was the minimum between the adjusted Pvalues of all the other classes with a 
positive log2 ratio. For the CRCA and CCMS classifiers, the authors also provided restricted signatures, respectively, of 
30 and 57 genes. We tested these classifiers with NTP and observed a much lower rate of significant classification. 

 

Subtype reconciliation across the CCS, CRCA and CCMS classifiers. 

We analyzed the correspondences between subtype assignments by the three classifiers using Fisher's exact test to 
obtain odds ratios and P values and subclass mapping using the SubMap R package52. Both approaches highlighted the 
same subtype overlaps, as reported inSupplementary Table 2. Subtype correspondences were visualized with 
Caleydo15 for the samples that were significantly classified by all three signatures. 

 

GSEA analysis. 

GSEA software was downloaded from the Broad Institute GSEA portal (see URLs) and applied using as gene sets all the 
lists of subtype-specific signature genes from the CRCA, CCS and CCMS classifiers. An additional tested list was the 
SSM signature. For the analysis, the GSE39397data set was partitioned into four subgroups: EPCAM+ cells (epithelial 
CRC cells), CD45+ cells (leukocytes), CD31+ cells (endothelial cells) and FAP+ cells (CAFs). GSEA was then carried out 
for all gene lists on the comparisons between EPCAM+ cells and each of the other subgroups, using signal-to-noise 
ratios for gene ranking. The significance of enrichment was estimated using 1,000 gene permutations. 

 

Affymetrix human-specific content descriptor file. 

To Identify probes on the Affymetrix Human Genome U133 Plus 2.0 array cross-hybridizing with mouse RNA, we 
analyzed the GSE49353 data set, in which mouse RNA was hybridized on this platform53, at both probe set and single-
probe levels, comparing the signals with those obtained for 27 human CRC samples from GSE35144 (ref. 25); in the 
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case of multiple PDXs derived from the same tumor, we selected the PDX with the highest number of passages in mice. 
We considered probes to be cross-hybridizing if they displayed on mouse RNA a signal greater than the 25th percentile 
(190.7 signal intensity) of their average signal in the 27 human CRC samples. In total, 265,699 cross-hybridizing probes 
were identified and flagged for removal, together with all mismatch probes. We then generated a new content descriptor 
file (CDF) for the Human Genome U133 Plus 2.0 array, which we called H-spec. To do this, we univocally mapped 
probes to single Entrez genes using the BrainArray standard CDF54, 55, which takes advantage of systematic mapping of 
the probes to human Entrez transcripts to remove potentially nonspecific probes. After assigning each probe to an 
Entrez gene, we built the new probe sets, accepting only probe sets with at least three probes. In total, 16,985 probe 
sets could be built, of which only 3,400 had fewer than 5 probes. The H-spec CDF is available on Bioconductor as 
hspeccdf. 

 

Identification by Affymetrix arrays of genes lost upon PDX propagation of CRCs. 

To identify genes whose expression was lost upon propagation of CRC tissues in the derived PDXs, we required that 
they meet three criteria: (i) the gene was expressed in the human CRC sample, that is, its signal was above the 50th 
percentile of the signals of all probe sets in that sample; (ii) the gene was not expressed in the matched PDX derivative, 
that is, its signal was below the 50th percentile as described above; and (iii) the expression level was at least twofold 
lower in the PDX derivative (to avoid a call for genes that were barely expressed in human CRC samples). Considering 
all 27 tumor-PDX pairs from the GSE35144 data set, to call a gene as ‘lost in PDX’, we required a lost call in at least 5 
pairs. 

 

Identification by Illumina arrays of genes lost upon PDX propagation of CRCs. 

From the GSE56695 Illumina HumanHT12-V4 expression data set, we used data from two mouse samples, one of CRC 
and one of endothelial cells, to identify cross-hybridizing probes. In this case, the longer, 50-mer probes were much 
more species specific when challenged against mouse mRNA (Supplementary Fig. 4). In total, 1,776 probes with a 
significant detection P value (<0.01) and a signal above 350 in at least one mouse sample were defined as cross-
reactive and removed from further analyses (Supplementary Fig. 5). To identify genes whose expression was lost upon 
PDX propagation, we used from the same data set the non-normalized expression profiles of four matched human CRC–
PDX derivative samples. Having a much higher fraction of non-expressed genes out of the over 45,000 probes passing 
the specificity filter, in the case of Illumina data, we considered as the threshold for detected expression the 70th 
percentile signal in each sample. On the basis of this threshold, a gene was considered lost in PDX if it was detected in 
the human CRC sample, not detected in the matched PDX sample and had at least twofold lower expression in the PDX 
than in the matched tumor. Considering all 4 pairs, 295 unique transcripts were called ‘lost in PDX’, being lost in 2 or 
more pairs. Of these, 163 were previously identified in the Affymetrix analysis. Functional analysis by DAVID EASE 
accordingly highlighted enrichment in the expression of mesenchymal genes (Supplementary Table 10). Because of the 
limited size of the data set, we assigned tumors to a CRC class by calculating the average expression of each signature. 

 

Analysis of RNA-seq data from PDX samples. 

RNA-seq profiles of nine PDX samples derived from three CRC cases, containing RPM counts univocally assigned to 
human and mouse transcripts by the Xenome tool28, were obtained from the Supplementary Table 1 (human expression 
values) and 2 (mouse expression values) of the work published by Chou and colleagues11. For our analyses, we 
selected those samples in which human stromal cells were not maintained in the PDX (selected sample IDs: 
D61540.T2.X1, D61540.X2, P2726.Ov.X1, P2726.Ov.X2, D55949.X2, D55949.X3F, D55949.X3M, D55949.X4 and 
D55949.X7). The data tables already contained orthologous gene annotations. For the analyses shown in Figure 3a–d, 
we averaged, for each gene, RPM values for PDX samples derived from the same parent tumor and then calculated a 
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global average. For subsequent analyses, we reverse engineered the RPM data to obtain absolute mouse and human 
counts for each orthologous pair. To this end, we exploited the fact that, by definition, in RPM scaling the lowest 
expression value greater than zero (minRPM >0) in one sample corresponds to an absolute read count of 1 divided by the 
total number of reads in that sample, multiplied by one million. Therefore, the absolute read counts of any gene in that 
sample can easily be calculated by dividing the gene RPM by the minRPM >0 of the sample. Such calculation was applied 
to all samples and yielded only integer values, which confirmed our approach. Similarly to RPM data, we averaged the 
gene read counts of PDX samples derived from the same parent tumor and then calculated a global average. To then 
estimate at the gene level the fraction of transcripts deriving from stroma (mouse), we divided the absolute number of 
mouse reads by the sum of the human and mouse reads in each samples. To avoid erroneous ratios for genes with low 
expression, we defined as the threshold for transcript detection, respectively, 50 and 5 reads per transcript in the human 
and mouse profiles. 

A second useful calculation that we could do on the basis of this principle is total read counts, obtained by dividing 1 
million by minRPM >0. In this way, it is possible to compare, for the same PDX sample, the total numbers of human and 
mouse reads corresponding to, respectively, the neoplastic and stromal fractions. Therefore, to globally quantify stromal 
contribution to the PDX transcriptome, one can calculate the percentage of mouse reads out of the total (human and 
mouse) reads. This calculation confirmed that in all PDX samples the estimated stromal transcript fraction did not exceed 
5%, confirming published information11. To evaluate the significance of enrichment for genes with high stromal 
contribution, we conducted ‘classic’ Gene Signature Enrichment Analysis on the percentage of mouse reads out of the 
total (human and mouse) reads for all the gene signatures involved in the analysis. 

 

Compendium of genes not expressed by CRC cells in PDX samples. 

To generate a consensus list of genes not expressed by tumor epithelial cells, we integrated the information from array 
hybridization and RNA-seq data obtained from PDX samples. The largest cohort of samples was the one profiled with 
Affymetrix arrays (GSE35144; n = 27). We considered as not expressed in this data set genes whose signal, in data 
processed with the H-Spec CDF, was never above the median of all genes in any sample. In the case of the 
Illumina GSE56695 data set, containing many more negative probes, the threshold for detected expression was the 
70th-percentile signal in each sample. Genes with signal below this threshold in all four samples were considered to not 
be expressed in this data set. In PDX RNA-seq data, genes were considered to not be expressed if their human RPM 
values were always below the 30th percentile in each of the nine samples. Understandably, not all genes were explored 
by all platforms. To merge the results of the three data sets, we assigned priority to the larger Affymetrix data set: a first 
set of genes was therefore called not expressed by cancer cells if the genes were never detected in the Affymetrix data 
set and were also never detected or explored by the other two platforms. For the genes not explored by Affymetrix 
arrays, we required that the genes were concordantly called never expressed by cancer cells in both Illumina and RNA-
seq data. 

 

Analysis on the Human Protein Atlas database. 

We downloaded the full database from the Human Protein Atlas portal (Version 12; see URLs) and selected only 
antibodies with reported ‘supportive’ validation that were used for immunohistochemistry on CRC samples, for a total of 
2,934 genes. Each antibody was used to stain a variable number of CRC samples, typically around 10. In some cases, 
more than one antibody was used for the same gene. For each antibody in each sample, the immunohistochemistry 
signal was provided by the curators as semiquantitative scores: ‘negative’, ‘weak’, ‘moderate’ and ‘high’ signal. Most 
notably, scoring for immunohistochemistry signal was exclusively relative to cancer cells, not considering staining of 
stromal cells. We considered a protein to be ‘detected’ in one sample if its immunohistochemistry score was not 
‘negative’. We then calculated, for each gene, the fraction of samples in which the protein was detected, considering all 
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supportive antibodies used for than gene. The resulting calculations were used to evaluate the fraction of positive CRC 
samples for the SSM and non-SSM gene signatures. 

 

Immunohistochemistry and in situ hybridization on CRC samples. 

Formalin-fixed, paraffin-embedded tissue sections (4 μm thick) were collected on Superfrost plus slides. 
Immunohistochemistry reactions were performed using an automated slide processing platform (Ventana BenchMark XT 
AutoStainer, Ventana Medical Systems). The following primary antibodies were used: rabbit antibody to Map1b 
(polyclonal, Sigma-Aldrich, HPA022275; 1:700 dilution; antigen retrieval: prediluted pretreatment solution Cell 
Conditioning 1 for 30 min); rabbit antibody to Tagln (polyclonal, Sigma-Aldrich, HPA019467; 1:100 dilution; antigen 
retrieval: prediluted pretreatment solution Cell Conditioning 1 for 30 min) and rabbit antibody to Zeb1 (polyclonal, Sigma-
Aldrich, HPA027524; 1:1,200 dilution; antigen retrieval: prediluted pretreatment solution Cell Conditioning 1 for 30 min). 
RNA in situ hybridization for ZEB1 mRNA was performed using the RNAScope 2.0 RED Assay (310036, ACD), 
according to the manufacturer's protocol. Briefly, tissue sections were deparaffinized with xylene (Sigma-Aldrich, 33817) 
and 100% ethanol (Bio-Optica, 06-10077E) and then pretreated with “ready-to-use” reagents (ACD, 310020). ZEB1-
specific oligonucleotide probe (four drops) was incubated for 2 h at 40 °C in the Hybex oven (ACD). After signal 
amplification, each section was hybridized with alkaline phosphatase (AP)-labeled probe and stained with RED solution 
B and RED solution A at a ratio of 1:60 (ACD, 310034). After counterstaining with Gill's hematoxylin (Sigma, GHS1128-
4L), slides were dried at 60 °C for 15 min and mounted using Ecomount (BioCare Medical, EM897L). Slides were 
imaged with a bright-field microscope (Leica DMLB with camera ICC 50 HD). 

 

Definition of stromal cell–specific signatures. 

To identify genes specifically expressed in three CRC stromal cell subpopulations, i.e., CAFs, leukocytes and endothelial 
cells, we analyzed the GSE39397 data set. In the case of multiple probe sets for the same gene symbol, we selected 
those with the highest average expression. To avoid selecting genes also expressed by neoplastic cells, we performed 
the analysis using only the 4,434 genes previously defined here as not expressed by epithelial cells. Differential 
expression was assessed by applying the Mulcom test, an inferential parametric test designed to compare the mean of 
each of multiple experimental groups with the mean of a control group based on Dunnett's test56. To generate gene 
signatures, the test was run three times comparing each stromal subcellular population against the others and epithelial 
cells. In this way, each gene was evaluated for cell-specific expression in all subpopulations. The test 
parameters m and T were adjusted to 0.3 and 2 to obtain global FDR <0.05. The three gene signatures were each 
defined by selecting genes positively associated with one cell subgroup in all comparative tests. 

 

Survival analysis. 

Affymetrix gene expression profiles from 290 primary CRC surgical specimens were downloaded from GEO 
(GSE14333)33. In the case of genes with multiple probe sets, we selected those with higher average levels of 
expression. The Cox regression hazard model and Kaplan-Meier analyses were conducted with the R Bioconductor 
‘survival’ package (see URLs)57. Statistics were run as a computational pipeline on the entire data set so that the 
investigator had no direct view of the single-case outcome or of its prediction. 

 

URLs. 

TCGA data portal, https://tcga-data.nci.nih.gov/; Bioconductor, http://www.bioconductor.org/; Broad Institute GSEA 
portal, http://www.broadinstitute.org/gsea/index.jsp; NCBI Gene Expression 
Omnibus(GEO), http://www.ncbi.nlm.nih.gov/geo/; Human Protein Atlas portal,http://www.proteinatlas.org/; R survival 
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analysis package, http://CRAN.R-project.org/package=survival; Broad Institute 
GenePattern,http://www.broadinstitute.org/cancer/software/genepattern/. 
 

Accession codes. 

Tumor-PDX expression data set, GSE56695 (GEO); rectal cancer data set, GSE56699 (GEO); TCGA CRC expression 
data set, Bioconductor experiment package TCGAcrcmRNA. 

Accession codes 

 

Primary accessions 

Gene Expression Omnibus 

GSE56699 

GSE56695 

 

Referenced accessions 

Gene Expression Omnibus 

GSE39397 

GSE35144 

GSE14333 

GSE49353 
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Supplementary Figures 

Supplementary Figure 1: SSM signature genes are highly expressed in residual scar tissues after preoperative 
radiotherapy of rectal cancer.  

 
Scatter plots comparing expression profiles of matched pretreatment tumor biopsies (xaxis) and residual scars after complete 
response to radiotherapy (y axis) in two patients with renal cancer (RCa0003 and RCa0016, as indicated on top). Blue dots highlight 
signature genes corresponding to the SSM subtype, respectively, in the CRCA classifier (a), CCS classifier (b) and CCMS classifier 
(c). 
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Supplementary Figure 2: GSEA testing of CRC classifier signatures for differential expression in stromal versus 
neoplastic cells.  

 
The signature gene sets for the CCMS4, CRCA5, CCS3, CCMS2 and CRCA1 subtypes, as indicated in each panel, were tested for 
upregulation in stromal cell populations (FAP+, CD31+, CD45+) versus epithelial cells (EpCAM+), as indicated. NES, normalized 
enrichment score. 
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Supplementary Figure 3: Scatter plots for signal comparisons in Affymetrix HG-U133 Plus 2 arrays hybridized with 
human, mouse and mixed RNA.  

 
(a) Standard probe set analysis; x axis: average signal across 27 human tumors (GSE35144); y axis, maximum signal for 3 Mouse 
universal RNA samples (GSE49353). (b) Single-probe analysis: x axis, average signal for 27 human tumors; y axis, maximum signal 
for Mouse universal RNA. The horizontal red line indicates the signal threshold above which probes are considered to cross-
hybridize with mouse sequences. (c) Signals of new probe sets obtained using H-spec CDF: x axis, average signal across 27 human 
tumors; y axis, maximum signal for Mouse universal RNA. (d) Standard probe set analysis: x axis, average signal for 27 human 
tumors; y axis, average signal for the 27 matched PDX samples (GSE35144). 
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Supplementary Figure 4: Scatter plot comparing probe signals of Illumina human gene expression arrays upon 
hybridization with cRNA derived from human and mouse samples.  

 
x axis, average probe signal of four human primary CRCs; y axis, maximum probe signal from a mouse CRC and a mouse 
endothelial cell sample. 
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Supplementary Figure 5: Human versus mouse expression of CRC subtype signature genes in PDX RNA-seq data.  

 
Scatter plots comparing, for each gene, human ortholog (x axis) versus mouse ortholog (y axis) RPM values from PDX RNA-seq 
data. Colored dots identify the various subtype signatures of the three CRC classifiers. 
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Supplementary Figure 6: Waterfall plots of various CRC signature gene lists, ranked, from left to right, by the fraction of 
their expression levels contributed by the stroma. 

 
Because of the varying size of the gene lists, the x axis reports the percentile and the yaxis reports the stromal contribution to gene 
expression, calculated for each gene as the percentage of mouse reads over the total (mouse + human) reads. The color code for 
each gene list is reported at the bottom of the panel. “Up” and “Down” are relative to the differential expression as mentioned in the 
respective referenced works. In plots with a single gene list, the blue color indicates association with the phenotype described in the 
respective reference works. GSEA statistics for enrichment in the mouse or human fraction are reported in Supplementary Table 11. 
References for the analyzed Signatures are reported in Supplementary Note c. 
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Supplementary Figure 7: Stromal expression of representative SSM genes.  

 
(a) Micrographs of IHC staining of ZEB1, MAP1B and TAGLN in rectal cancer preoperative biopsies classified as SSM. In all 
micrographs, specific staining of all antibodies is confined to the stromal components. ZEB1 is localized to the nuclei of fibroblasts, 
leukocytes and other mesenchymal cells; MAP1B preferentially stains endothelial cells and nerve structures; and TAGLN is mainly 
expressed by smooth muscle cells. Scale bar, 20 µm. (b) RNA in situ hybridization for ZEB1 mRNA (RNAscope 2.0 assay, 
Advanced Cell Diagnostics) in the CRC315 sample, classified as SSM and displaying weak cytoplasmic IHC positivity for ZEB1, as 
shown in Figure 4b. Scale bar, 20 µm. 
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Supplementary Figure 8: CRC proteomic subtype C signature expression is contributed by CAFs.  

 
In all panels except e, blue and pink dots/lines indicate transcripts coding for proteins upregulated and downregulated in subtype C, 
respectively. (a) Box plots reporting, for each proteomic subgroup, tumor purity estimated by Absolute analysis on TCGA CRC 
samples. (b) Scatter plots comparing, for each gene ortholog pair, mouse (x axis) and human (y axis) RPM values from PDX RNA-
seq data. (c) Scatter plots comparing, for each gene tested on human arrays, average signals from human CRC samples (x axis) 
and the corresponding PDX derivatives (y axis). Left, Affymetrix human arrays on 27 sample pairs; right, Illumina human arrays on 4 
sample pairs. (d) Waterfall plots of proteomic subtype C gene lists, ranked, from left to right, by the fraction of their expression levels 
contributed by the stroma. Because of the varying size of the gene lists, the x axis reports the percentile and the y axis reports the 
stromal contribution to gene expression, calculated for each gene as the percentage of mouse reads over the total (mouse + human) 
reads. (e) GSEA testing for upregulation of the C type gene set in stromal cell populations (FAP+, CD31+, CD45+) versus epithelial 
cells (EpCAM+). NES, normalized enrichment score. 
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Supplementary Figure 9: Definition and characterization of three stromal signatures.  

 
(a) Expression heat map of the three stromal signatures in sorted CRC cell subpopulations. Genes for the three stromal cell 
signatures (columns) distinguish the various sorted cell populations (rows): EpCAM+, epithelial cells; CD31+, endothelial cells; 
CD45+, leukocytes; FAP+, CAFs. (b) Dot plot reporting the 3 stromal scores (yellow, CAF; blue, leukocyte; red, endothelial; each as 
the percentile of its own distribution) in 450 TCGA samples, sorted by descending CAF score. (c) Venn diagrams showing the 
fractions of cases concordantly or discordantly falling in the top or bottom quartile of each stromal score. 
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Supplementary Figure 10: Reduced expression of endothelial genes after radiotherapy of rectal cancer.  

 
(a) GSEA testing for expression of endothelial score genes comparing pretreatment biopsies of SSM cases with surgical samples 
classified as SSM after radiotherapy. NES, normalized enrichment score. (b) Heat map displaying the GSEA leading edge (‘core’) 
endothelial genes that lost expression in samples after radiotherapy. 
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Supplementary Figure 11: Prognosis of CRC samples stratified by the ‘Estimate’ score.  

 
Kaplan-Meier analysis of disease-free survival on a data set of 226 CRC samples classified as having a high Estimate score (top 
quartile; blue line) or a low Estimate score (first to third quartiles; green line); the analysis was run on all 226 cases (a), on 138 cases 
that did not undergo any adjuvant therapy (b) and on 66 samples that underwent adjuvant chemotherapy after surgery (c). 
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